Abstract. Tooth eruption is an orientating action which migrates teeth coronally during life, even in bone or after occlusion contact is lost. The eruption pathway is due to bone resorption near the enamel crown and bone deposition around the cementum-covered roots. Due to their proximity to bone resorption and deposition, we hypothesize that the hard tissues enamel, dentine or cementum are important during eruption. In the present study, extracted human teeth were cut into enamel samples, enamel-dentine samples or dentine-cementum samples, and implanted into bone defects in rabbit tibia. Hematoxylin and eosin, tartrate-resistant acid phosphatase activity, tetracycline tracing and scanning electron microscopy were used to investigate bone resorption and deposition 1-8 weeks after surgery. The results showed that resorption lacunae with numerous osteoclasts were observed facing enamel and significant new bone deposition occurred near the cementum surface, compared to other hard tooth surfaces. These findings indicate that the enamel crown may stimulate bone resorption and initiate the eruption pathway, and that the cementum root may stimulate bone deposition. Bone regeneration initiated by tooth hard tissues may be a potential motive force during tooth eruption.
Introduction
The process of tooth eruption can be divided into five stages: pre-eruptive movements, intraosseous eruption, mucosal penetration, pre-occlusal and post-occlusal eruption. Since developing teeth move in three dimensions and increase in size within the alveolar process prior to active eruption, tooth eruption exerts an orientating action, and teeth migrate coronally during the second to fourth decades of life. To the best of our knowledge, teeth that are impacted upside down are not likely to allow root eruption, and when occlusional contact is lost, teeth over-erupt coronally (1) .
Numerous theories of tooth eruption have been suggested, which involve almost all the tissues in or near an erupting tooth (2) (3) (4) . Although tooth tissue is hard, it is well accepted that the dental follicle (DF) is required for tooth eruption, while the tooth crown appears to exhibit no involvement (5) . When a metal replica is placed in the DF, after removal of the third permanent premolar crown just prior to its eruption, occlusal movement of the metal replica continues, while removal of the DF blocks eruption. Investigating the role of the DF alone, without the enamel portion, is technically difficult as separation of the DF and enamel is not possible without EDTA decalcification, and since immunological rejection may occur with metal replicas, the role of the enamel and crown are ignored in tooth eruption.
Roots begin to form early in eruption. Root elongation and bone deposits around the root force the tooth to migrate coronally. Bone formation is regarded as a potential motive force during tooth eruption (6) . When a tooth develops and erupts, the DF remains tightly associated with the enamel, and bone deposits remain near the root; therefore, tooth hard tissues appear to be crucial during eruption. The hard tissues, enamel, dentine and cementum, have distinct physicalchemical characteristics, including biological potential (7, 8) and permselectivity (9) , as enamel contains anisotropic organized hydroxyapatite and cementum is highly mineralized and rarely cellular. We hypothesized that tooth hard tissues affect alveolar bone remodeling and tooth eruption, and that bone remodeling induced by tooth hard tissue may be a potential motive force for tooth eruption. The objective of this study was to determine the effect of tooth hard tissue on the bone activity, using a rabbit tibia implant model.
Materials and methods
Sample preparation. Human premolars freshly extracted due to orthodontics were used. After cleaning, these premolars were cut into three different sections: enamel samples (E), enamel-dentine samples (ED) and dentine-cementum samples (DC). Samples were ~3-mm long, 1-mm wide and Histological study. Rabbits were sacrificed at 1, 2, 4, 6 or 8 weeks post-surgery (n=4 each). Specimens were fixed in 10% formalin for 24 h, decalcified in 0.5 mol/l ethylenediamine tetraacetic acid (EDTA) for ~45 days until flexible, transparent and easily penetrable by a pin, and then paraffin-embedded. Bone defect and implant sections were cut parallel to the bone surface, stained with hematoxylin and eosin (H&E) and using tartrate-resistant acid phosphatase activity (TRAP stain), a marker of osteoclasts (10, 11) .
Tetracycline labeling study. Five rabbits were sacrificed respectively at 1, 2, 4, 6 and 8 weeks after surgery. One week prior to euthanasia, the rabbits were injected with 50 mg/kg 3% hydrochloric tetracycline (Amresco Inc., Solon, OH, USA). After fixation and dehydration, undecalcified ground sections were prepared and observed under ultraviolet incidental light using a Universal Widefield Microscope, Olympus (V435nm, BH-2; Olympus Corporation, Tokyo, Japan), to determine the amount and source of newly formed bone. Six random images were captured in each section implant site and the percentage fluorescent area was determined using Adobe Photoshop 7.0 (Adobe System Inc., San Jose, CA, USA).
Scanning electron microscopy (SEM) study. One rabbit was sacrificed at 4 weeks post surgery. The samples were then fixed in 2.5% glutaraldehyde at 4˚C and prepared for SEM using standard techniques.
Index and standard of investigation. Descriptive histology was used to characterize the pattern of new bone formation around the implants and degree of implant resorption. The implant area between the host bone and the 3-mm side of the samples was observed; one sample had two opposite 3-mm sides, thus the focus was on 120 sides. The proportion of implant surface in contact with newly formed bone (bone-to-implant contact) was scored as -(no touch), + (<1/3 touching), ++ (1/3 to 2/3 touching) and +++ (>2/3 touching). The number of TRAPpositive cells was quantified in the implant area, and in the tetracycline labelled specimens, the percentage fluorescent area, representing newly formed bone, was determined.
Statistical analysis. Data were analyzed using SPSS software (version 17.0; SPSS Inc., Chicago, IL, USA). The Wilcoxon rank sum test was used to analyze the data of bone-to-implant. The Student's t-test was used to evaluate the number of TRAPpositive cells and area of fluorescence. The results were considered as statistically significant when p<0.05.
Results
Local inflammatory reactions and wound healing. One rabbit suffered from an open fracture in the tibia after surgery and was rejected, and another recruited. No chronic inflammatory reaction was observed in any group up to 8 weeks post-surgery. Weight bearing capacity in each animal gradually improved as signs of inflammation subsided (within 10 days). Wound healing was uneventful in all 26 cases and no samples were lost or transposed. Additionally, implants in the 26 surviving animals appeared to achieve clinical immobility.
Histological studies. One week after surgery, sections demonstrated mild inflammatory reactions with moderate fibro-collagenization. At the enamel surface sides (e) of E and ED (E-e, ED-e), there were multiple obvious bone resorption fossa, with the presence of TRAP-positive multinucleate cells ( Fig. 2A and B) . At the E-d, ED-d and the two sides of DC samples, the host cortex demonstrated a lamellar appearance of newly formed bone (Fig. 2C) . No bone resorption or bone formation was observed in the gap between the HA implants and the host, where numerous macrophages were detected. In the blank implant site (BK), a small amount of bony tissue formed at the host bone surface. At weeks 2 and 4, lamellar bone formed bone resorption fossa along with a few small dentine resorption fossa, in the E-e and ED-e implants. A network of woven bone formed and appeared mildly thickened in the E-d, ED-d and DC implants (Fig. 2D-F) . HA implants were enveloped by connective tissue with little lamellar bone formation. In the BK control, the bone defect was filled with loosely woven bone. Hard tooth surface implant position in rabbit tibiae. Enamel (e), dentine (d) and cementum (c) surface sides of the enamel (E), enameldentine (ED), and dentine-cementum (DC) tooth implants. The right (r) and left (l) sides of hydroxyapatite (HA) samples were implanted. BK is the no implant control.
By weeks 6 and 8, the results were comparable to 2 or 4 weeks, but more advanced (Fig. 2G-I ). The BK control was filled with loosely woven bone with larger medullary spaces, compared to cementum surface sides of the DC implant.
In total, 60 tooth samples (3 types) and 120 sides (6 types) were observed using H&E staining. New bone formation was significantly different in the 6 types of sides of the three different implant samples, with DC-c>E-d>ED-d>DC-d>ED-e>E-e. The bone formation in E-e and DC-c (p<0.01), E-e and ED-d (p<0.05), E-e and E-d (p<0.05), DC-d and DC-c (p<0.05) were significantly different (Table I) . At week 2, the differences between the opposite sides of the same tooth sample were the most significant (p<0.05). However, the differences in bone formation were found not to be significant following a certain period of time. Significantly more new bone formed at the dentine and cementum sides as compared to that of the HA and BK controls (p<0.05) at the same time. No significant differences were observed between HA or BK (p<0.05).
The number of osteoclasts, indicated by TRAP-positive multinucleated cells, was higher at the E-e, ED-e, DC-d implant sides, compared to the opposite sides of the same sample, i.e., E-d, ED-d, DC-c (significant at p<0.01, t=5.149; Student's t-test). The total number of osteoclasts in the tooth samples was significantly different between the opposite sides for all weeks, with the exception of week 8 (p>0.05). No significant differences were observed between HA or BK (p>0.05).
Fluorescent tetracycline labeling study. Sections revealed a golden yellow fluorescence representing new bone formation in sharp edges, reticulated or lamellar-shaped patterns in the area between the implant and tibia. Thin bands of fluorescent regions surrounded or invaded the HA samples, and the BK control space was filled with loose reticulated golden yellow fluorescence. The fluorescent area percentage was larger at the E-d, ED-d, DC-c sides than the opposite side at E-e, ED-e, DC-d (p<0.05, Student's t-test; Table II ). The trend disappeared in the ED sample after 4 weeks.
Discussion
Effect of different tooth sections on bone remodeling. In our rabbit tibia model, healing was uneventful in all animals and there was little evidence of implant rejection. Teeth have a low composition of organics, but carry transplantation antigens. However, the teeth failed to stimulate immunologic memory in weakly disparate mice (12) . Allografts and xenografts of canine teeth showed no significant differences in root resorption (13) . In our histological and fluorescent tetracycline labeling study, we found that more new bone was deposited on the cementum side compared to the dentine side, which in turn had more bone than the enamel side of the tooth samples. Moreover, bone densities on the cementum and dentine sides were greater than in the hydroxyapatite or blank control implant beds. More bone resorption and osteoclasts were detected around the enamel side than the dentine or cementum sides of implants. These results suggest that dental roots induce new bone formation and are capable of accelerating bone healing, while the enamel or dental crown stimulates bone resorption. Table I . Proportion of bone-to-implant contact in different hard tooth surfaces implanted in rabbit tibia at 1-8 weeks was scored using H&E staining.
Enamel
Enamel-dentine Dentine-cementum Table II . Area fluorescently labeled with tetracycline in different hard tooth surfaces implanted in rabbit tibiae (%). These trends were most obvious in the early periods, 1-2 weeks after surgery, and gradually disappeared as the bone healed, in accordance with the regularity of bone remodeling, the thin thickness of the tooth section implants and short model time-frame.
Tooth eruption and tooth hard tissues. During the process of tooth eruption, teeth are known to migrate coronally during their life, even within bone or after occlusion contact is lost. Bone resorption near the enamel crown and bone deposition around the cementum-covered roots occur during eruption. Our study has shown that the eruption pathway may be initiated by special properties of enamel, which contribute to bone resorption, and cementum-covered roots, which contribute to bone formation. As teeth do not touch alveolar bone, it is probably the DF connective tissue around the tooth that transduces the effects of bone resorption or formation to cause eruption. Most likely, these metabolic events are initiated by enamel, and later sustained and coordinated by the dental follicle via local signals involving the follicle or adjacent tissue proteins and growth factors.
The mucosal penetration and pre-occlusal eruption phases are rapid, and mostly due to bone formation and root elongation, which slow when the occlusal plane is approached. We propose that the effects of bone formation are balanced by occlusal tension, which then evokes bone resorption via mechano transduction. Bone deposits near the root or cementum compensate for occlusal attrition. If occlusal contact is lost and mechanotransduction disappears, tooth eruption rate is likely to increase, leading to over-eruption.
The results of this study suggest that the dental root is important in alveolar bone formation. This hypothesis may explain reduced atrophy in alveolar bone containing residual roots without occlusion, as it is generally accepted that alveolar bone atrophy in the area of anodontia is due to an absence of mechanical occlusion force. The phenomenon of bone atrophy in the area of anodontia or hypodontia may be due to the absence of stimulation by tooth hard tissue.
In conclusion, this study suggests that tooth hard tissue directly affects bone remodeling and tooth occlusal eruption: enamel stimulates bone resorption and cementum-covered roots stimulate bone formation. Over-eruption occurs when the balance between bone deposits, stimulated by dental root and bone resorption due to mechanical tension is broken.
Further experiments are required to explore the role of other components, such as the DF and periodontal ligament in tooth. However, this study has shown that tooth hard tissue is involved in tooth eruption.
